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[Document's Name] Specification 

[Title of the Invention] Three-dimensional periodic structure 
[Claims] 

[Claim 1] A method of fabricating a three-dimensional nearly periodic 
structure and the structure fabricated by said method, wherein said 
three-dimensional nearly periodic structure is fabricated by laminating at least 
two kinds of materials sequentially and nearly periodically on a substrate having 
two-dimensionally nearly periodically recessed and projecting portions, and sputter 
etching is employed separately from or simultaneously with film deposition at least 
in a part of said lamination. 

[Claim 2] A three-dimensional nearly periodic structure characterized in 
that a material having nonlinear optical susceptibility, an electrooptic material, a 
transparent material, or a conductive material is included at least in a part of a 
three-dimensional nearly periodic structure in which two or more kinds of film 
materials having two-dimensionally nearly periodically recessed and projecting 
portions are sequentially and nearly periodically laminated, or in an interface of 
films of a three-dimensional nearly periodic structure in which one kind of film 
material having two-dimensionally periodically recessed and projecting portions is 
nearly periodically laminated. 

[Claim 3] A three-dimensional nearly periodic structure fabricated by 
the method of Claim 1, wherein said structure comprises at least two kinds of 
transparent materials, and a light emitting or light amplifying material is included 
at least in a part of said structure. 

[Claim 4] A three-dimensional nearly periodic structure, wherein a 
waveguide, a resonator, a branch, a coupler, or a reflector, is included inside the 
three-dimensional nearly periodic structure in which at least two kinds of 
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transparent film materials having two-dimensionally nearly periodically recessed 
and projecting portions are sequentially and nearly periodically laminated. 

[Claim 5] A three-dimensional nearly periodic structure fabricated by 
the method of Claim 1, wherein said structure comprises at least two kinds of 
transparent materials, and a semiconductor laser or an optical detector is included 
inside said structure. 

[Claim 6] A transparent three-dimensional structure showing optical 
biaxial anisotropy, wherein, on a substrate having two-dimensioriaHy periodic 
recessed and projecting portions with orthogonal x- and y-axes on the substrate as 
axes of symmetry, at least two kinds of transparent film materials having periodic 
recessed and projecting portions common to said substrate are laminated 
sequentially and periodically. 
PDescription of the Invention] 

[0001] 

[Field of Industrial Application] 

The present invention relates to a generic technique concerning a 
structure having substantially three-dimensionally-periodical refractive index 
distribution, which is used, for example, as a light wave circuit element, its 
fabricating method, applied technique, and an applied device. 

[0002] 
[Prior Art] 

A technique for fabricating a three-dimensional periodic structure having 
a period of about 1 ]wm or less in a material has a broad range of possible 
application in the fields of optical technologies and electronic technologies. 
However, its fabrication method is not developed yet, and a three-dimensional 
periodic structure with a period of about 1 |im or less has not been realized up to 
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now. Only the following two techniques have been examined: (1) a method in 
which holes are formed in three directions by dry etching, as shown in Fig. 2 (E. 
Yablonovitch, 'Thotonic band-gap structures", J. Opt. Soc. Am. B, vol. 10, no. 2, pp. 
283 - 295, 1993); and (2) a method in which substrates with parallel square rods 
on them are opposed and bonded to each other, one of the substrates is removed by 
selective etching, and another substrate is opposed and bonded again to repeat the 
operation, as shown in Fig. 3 (S. Noda, N. Yamamoto, and Asasaki, "New 
realization method for three-dimensional photonic crystal in optical -wavelength 
region", Jpn. Appl. Phys., vol. 35, pp. L909 - L912, 1996). Up to now, these two 
ideas are not realized in the case that the period is about 1 jim or less. 
[0003] 

[Problems to be Solved by the Invention] 

The above-mentioned method (1) is disadvantageous in that processing of 
more than one or two periods is impossible. The above-mentioned method (2) is 
disadvantageous in that its reproducibility and productivity are low, since it 
depends on handicraft processes with low controllability such as selective chemical 
etching and bonding many times. 
[0004] 

The present invention has been completed to solve the above-described 
problems of the conventional techniques, and its object is to provide a 
three-dimensional periodic structure having a period of about 1 jam or less, to 
provide parts and devices to which that structure is applied, and to provide their 
fabrication method. 

[0005] 

[Means to Solve the Problem] 

To attain the above-described object, it is necessary to realize a structure 
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that is almost three-dimensionally periodic by employing a method superior in 
reliability and reproducibility. For that purpose, is effective such a method that at 
least two kinds of materials are laminated sequentially and almost periodically, 
and sputter etching is carried out separately from or simultaneously with film 
formation with regard to at least a part of the laminated layers. This method can 
fabricate a three-dimensional periodic structure having a period of about 1 |um or 
less. 

Luuuoj 

[Work or Operation of the Invention] 

When a three-dimensional periodic structure is constructed by the 
above-described means, it is possible to realize one having a period of about 1 jim 
or less, simply and with good reproducibility. Further, into the periodic structure, 
can be introduced a material of nonlinear optical susceptibility, a light emitting or 
light amplifying material, an electrooptic material, a transparent object, an 
electrically-conductive material, or the like. Further, into the periodic structure, 
can be built a waveguide, resonator, branch, coupler, reflector, semiconductor laser, 
optical detector, or the like. Accordingly, an applied part or device including a 
three-dimensional periodic structure can be fabricated by a method that is superior 
in reliability and repeatability. The present invention is generic one in that it 
originates from a common root and comprehends various developments, which will 
become obvious from the following embodiments. 

[0007] 
[Embodiments] 
[Embodiment 1] 

First, out of thin film formation methods and etching methods, ones 
referred to in the present invention and some which can be applied to the present 



7 



invention will be described in out line. 

Fig. 4 is a view showing the principle of sputtering film formation. Inside 
a discharge space, is arranged a target as a supply source of source material for 
thin film. Gaseous ions are incident on the target to scatter the target material 
(solid line arrows). The scattered material particles arrive at and adhere to a 
substrate adjacent to the discharge space (dashed line arrows). Pig. 5 illustrates 
the concept of the vacuum evaporation method. From an evaporation source 
subjected to resistance heating or electron beam heating, source material 
transpires into a vacuum, and arrives at and adheres to a substrate. Fig. 6 
illustrates the concept of the laser ablation. High power laser radiation is made to ? 
be incident on source material so that a part of the source material is 
instantaneously heated and transpires to arrive at and adhere to a substrate. 

[0008] 

Further, the sputter etching, which plays a role of shaping a film in the 
present invention, will be described referring to Fig. 7. A substrate is placed 
within a discharge space and gaseous ions are made to be incident on it. This is 
called reverse sputtering. At that time, material on the substrate surface is 
removed by etching. A rate at which a surface being etched moves back in the 
direction of the normal is defined as a function of inclination 9 of the surface, and 
called an etching rate. For many materials, an etching rate E(9) has a property as 
shown in Fig. 8. Namely, it becomes the maximum at some angle G m between 0° 
and 90°, and, making this a turning point, it decreases monotonously toward both 
the left and right. This sputter etching may be carried out before or after the 
above-mentioned sputtering film formation, vacuum evaporation, or laser ablation. 
Further, another kind of film formation can proceed simultaneously with the 
sputter etching. For example, the bias sputtering refers to a simultaneous process 
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in which film formation by the sputtering proceeds at the same time with the 
sputter etching. 
[0009] 

An example of forming a three-dimensional periodic structure will be 
described. Periodic lines of holes are formed on a fused silica substrate by the 
electron beam lithography and by the dry etching. Or, a film may be formed on a 
substrate, and lines of holes may be formed on that film. In that case, the term 
"substrate" is used including the film. On it, Si and Si02 are deposited by means 
of the high frequency sputtering. For a part of the laminated layers of Si02 out of 
the laminated layers, etching action of ions ionized by the high frequency and 
impinging against the surface of the substrate, i.e., sputter etching, and lamination 
by the high frequency sputtering are made to proceed simultaneously. Since the 
shaping action of the sputter etching is utilized, the two-dimensional periodic 
shape on the substrate is not lost, even when Si and Si02 are laminated in many 
cycles. Using an atomic force microscope, it has been verified that a periodic 
structure on the surface is stable even when lamination is carried out in several 
tens of cycles. As shown in Fig. 1 (and in detail in Fig. 9), in the inside, 
three-dimensional and highly periodic structure is formed. In the present 
embodiment, Si is deposited as an amorphous substance at the beginning. 
However, it is possible to make Si become microcrystals by the effect of ion 
bombardment and by heating. 

[0010] 

Here, a method of fabricating another structure will be described. In the 
method described referring to Fig. 1, two kinds of materials have thicknesses of a 
same degree. However, as described below, on a recessed or projecting surface of 
a single main component (host) forming a structure, can be laminated a different 
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kind of functional material (guest) to be for thinner than the host, and this 
lamination can be repeated periodically. Namely, supposing that the guest is not 
introduced, the host has uniform structure. In other words, it is possible to 
manufacture a structure in which three-dimensional periodic structure of the guest 
is embedded in the uniform host material. Also, it is possible to similarly form a 
host-guest type three-dimensional periodic structure in which the host itself is a 
periodic structure consisting of two or more film materials thicker than the guest. 
Referring to Fig. 1, if all shapes of the surfaces of the material A and the material 
B are same. Even when the surface of A does not coincide with the surface of B, 
periodicity is kept if As have the same shape and Bs have the same shape in 
different layers. 

[0011] 
[Embodiment 2] 

With regard to a three-dimensional periodic structure comprising a 
transparent body and having a period of about half a light wavelength within the 
medium, the effect of photonic bandgap was theoretically predicted, and the theory 
has been verified by a model experiment of the microwave band (for example, a 
band of a wavelength of 3 cm). To explain the three-dimensional periodic 
structure, a concept of the three-dimensional periodic structure is shown in Fig. 9. 
The three-dimensional periodic structure consists of transparent bodies 5, 6 of 
thicknesses di, d2 and refractive indexes m, n2 (ni > n2), and the structure has 
periods of xi + X2, yi + y2, and zi + Z2 in the directions of x, y and z, respectively. 
For the sake of simplicity, it is assumed that both xi + X2 and yi + y2 are 
sufficiently larger than zi + Z2 (zi, Z2 have the same meaning as di, d2) and an 
equation: 

nidi = n2d2 
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is satisfied. A wave propagating in the direction of z has a property described in 
the following. In a range of light wavelength centering at a certain free space 
wavelength Xo: 

A-i < X < Xu j 

a light wave propagating in the direction of +z decreases exponentially in its 
amplitude as it proceeds, and, accordingly, can not propagate. It is similar to the 
direction of — z. The condition satisfied by Xo is: 

ao/4 = nidi (= n 2 d 2 ) , 
and 1/X\ and 1A, U are obtained by the following equations: 

1A,i = (4/nXo) (tan-Hni/n2) 1/2 ) 

1/Xu = (4/ttXo) (tan-KWni) 1 / 2 ). 
When n2/ni is close to 1, the following equation is given: 

(X* - Xi) I Xo ~ (4/tt) ((m/n 2 ) - 1) 
where Xo is almost at the center of X u and X\. 

This phenomenon is termed Bragg cutoff. The center wavelength in the 
cutoff is proportional to the length of the period. The width of the wavelength 
band in which the cutoff appears approaches 0 when ni and n 2 nearly coincide, and 
the width becomes a considerable part of Xo as the ratio ni/n 2 becomes large. 
Accordingly, light whose wavelength is somewhat different from so-called Bragg 
wavelength Xo is also cut off when the ratio ni/n 2 is sufficiently large. Now, it is 
assumed that the constituent materials are a-Si (refractive index: 3.24) and Si0 2 
(refractive index: 1.46). When, in this material system, 1/A,i, 1/X U are obtained 
from the above-mentioned equations, they are smaller by 25 % and larger by 25 % 
in comparison with 1/Xo, respectively. 

Further, it is possible to crystallize Si and to selectively dissolve Si0 2 , 
leaving Si, by means of an aqueous solution of HF. When its place is filled with, 



11 



# 



for example, air, the refractive indexes in this structure become 3.4 : 1, and 
similarly, Vh and 1A U become smaller by 36 % and larger by 36 % in comparison 
with 1/Xo. 

In a three-dimensional periodic structure, it is seen that a wave that goes 
in an arbitrary direction has different periods for respective solid angle directions, 
and thus has respective cutoff wavelength bands for solid angle directions. When 
light having a particular free space wavelength X s is contained in common in the 
cutoff wavelength bands of all the three-dimensional directions, it is possible to 
completely confine the light of the wavelength X s within that three-dimensional 
periodic structure. 

[0012] 

As an example, a periodic structure is formed as shown in Fig. 10. Its 
periods in the directions of x, y and z are 0.5 (im, 0.5 jam and 0.2 jim, respectively. 
The material system consists of a-Si and Si02. Periodicity of dozens of periods has 
been verified. 

In detail, in a structure that is hexagonally symmetric in the xy plane and 
periodic in the z direction, the so-called Brillouin zone takes a form, for example, 
shown in Fig. 23. The origin of the wave number is the center of the hexagonal 
pillar. When the ratio ni/n2 is sufficiently large, the wavelength Xs in question is 
contained in common in the cutoff areas at whole the surfaces of the Brillouin zone, 
and accordingly, no wave is radiated. When m/n2 becomes smaller than that, A, s is 
included in common in the cutoff areas for the surface except for white parts in the 
figure, for example, and sufficient for many applications as described below. 
Namely, a radiation wave that goes from the center of the hexagonal pillar toward 
a point within the gray areas is suppressed and cut off. 

[0013] 
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Further, although the term "periodic structure" is used in the present 
embodiment and all through the present application, it is not limited to the case in 
which periodicity is strictly realized, of course. Disturbance due to small variation 
in fabricating conditions has small effect. Or, by intentionally disturbing 
periodicity slightly, following effects can be produced. 

When a substrate is fabricated to omit one or a few holes out of periodic 
ones on the substrate as shown in Fig. 12, and an SiCVSi periodic structure is 
formed on that substrate as described in Embodiment 1, then, a 
periodicity-disturbed portion is formed linearly in the direction perpendicular to 
the substrate. Light wave can be propagated along such an area, and thus, it can 
be used as an inlet/outlet that connects between the peculiar space in which 
radiation is prohibited and the outside space. Thus, such disturbance in a 
periodic structure is useful. 

Similarly, point disturbance, finite linear disturbance, or loop disturbance 
in a three-dimensional photonic bandgap structure operates as a resonator. 

Fig. 13 shows a three-dimensional photonic bandgap structure, which is 
fabricated by the method of Embodiment 1, gently varying periods spatially in all 
three axial directions, in the direction of lamination and within the substrate plane. 
With regard to light having a specific direction within the three-dimensional 
photonic bandgap structure, there exists a part in which its period satisfies Bragg 
cutoff condition, in a suitable position within the space, and the light turns back at 
that area. Thus, photonic bandgap property is guaranteed in a wide range of 
wavelength and in a wide range of solid angle. Of course, it can be extended so 
that a period is modulated only in the z direction without being modulated in the x 
and y directions, for example. 

[0014] 
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[Embodiment 3] 

The present embodiment relates to fabrication methods for circuit 
elements in the three-dimensional photonic bandgap structure, such as a 
waveguide for putting in and taking out light from the outside, a resonator for 
selecting wavelength in the inside, a branch, and the like. As described above 
referring to Fig. 12, it is possible to put in and take out light in the direction 
perpendicular to the laminated surface. Further, Fig. 14 illustrates a method of 
forming a circuit element of a rectangular lattice. On a silica substrate, are 
formed array of holes as shown in Fig. 15. Here, along the line rj^, displacement 
is given to the period in the x direction. On that substrate, Si/Si02 are laminated 
employing the process of Embodiment 1. After the lamination is repeated 
sufficient times, the displacement shown in Fig. 14 is given in the thickness-wise 
direction of the lamination in the plane 21I223. By this method, it is possible to 
localize light power in the neighborhood of the line O1O2, and to propagate it along 
O1O2. 

In this structure, the following takes place. Owing to the displacement in 
the plane ri^rs, light decreases exponentially in its amplitude as it goes away 
from Tir2r3 both to the left and to the right, and thus the wave localizes along 
riT2r3. Further, owing to the displacement in 21X2X3, light decreases 
exponentially in its amplitude as it goes away from 21Z2S3 both upward and 
downward. From both actions, wave localizes along O1O2 and its propagation in 
that direction is caused. 

[0015] 

Differently from formation of a propagation path by utilizing 
displacement of periodicity, it is possible to form a propagation path by introducing 
a portion that has a different refractive index. Fig. 16 shows a xz cross-section of 
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the Si/Si02 three-dimensional periodic structure of Fig. 1 under fabrication, in a 
state that Si02 has been laminated. Resist 12 for lithography is provided on both 
surfaces except a width AA' of one period or several periods in the x direction. 
Through the strip opening AA', a part of Si02 is removed by dry etching as shown 
by the dashed line. Then, Si is filled back to that place by sputtering. After 
returning to an almost original surface, the resist for lithography is removed by the 
lift-off technology. By this operation, the periodic structure of the recessed and 
projecting patterns of the surface is kept, and on that surface, film formation is 
continued many times in the z direction in accordance with Embodiment 1. In 
thus-described process, the dry etching operation on Si02 or the filling back 
operation of Si may be omitted, as far as it does not much injure the x direction 
periodicity of the cross-section. 
[0016] 

Owing to this fabrication method, it is possible to realize 
wavelength-selective resonance, branching, coupling, and reflection of light. Since 
radiation is suppressed or directions in which radiation takes place are limited in 
these circuits, radiation loss is decreased and it is possible to realize a construction 
that can not be realized in the conventional optical circuits owing to excessive 
radiation loss. Namely, giving an example of Fig. 11, if the gray portions cover 
the directions in which strong radiation is produced from a circuit in question, it is 
possible to prevent radiation loss. Respective circuits are shown in the following, 
as transparent views seen from a top surface. 

In Fig. 17, light wave from an incident waveguide A is branched into B 

and C. 

Fig. 18 illustrates three types of resonators. In the neighborhood of the 
wavelength that satisfies the condition for light wave to form a standing wave in 
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the resonator B, light wave is transmitted from A to C. In other cases, wave is 
reflected. The resonator E is connected with a waveguide D only. In a condition 
other than the resonance condition, wave that entered through D is all reflected 
except for an internal loss portion. Under the resonance condition, both 
internally-stored energy and loss (material loss and residual radiation loss) 
increase, and accordingly, the reflection coefficient decreases. When, in the 
ring-shaped resonator G, light wavelength just satisfies the standing wave 
condition, then, transmission from F to H is realized. 

In Fig. 19, the waveguides AB and CD approach each other in a limited 
area, and both waves that decrease exponentially in the transverse direction 
overlap each other to realize give and take of power, i.e., coupling between the two 
waveguides. 

Fig. 20 shows a circuit in which a narrow part is located between A and B 
to generate partially reflected wave, and a circuit in which short stubs are provided 
between C and D to generate partially reflected wave. 

Further, in order to form a portion of a different refractive index, a mask 
is formed by lithography similarly to Fig. 16, and thereafter, ion-implantation may 
be utilized. Thus, it is possible to form a waveguide, resonator, branch, coupler, 
reflector, and the like. 

[0017] 

Referring to Fig. 21, there will be exemplified and described an effect that 
connection of optical circuits becomes epochally free in the structure (PBS, 
Photonic Bandgap Structure) in which radiation is suppressed. Light coming 
from the left through a waveguide IN follows courses separated above and below. 
The light passing through the lower branch is transmitted through a resonator R2, 
or reflects at R2. The transmitted wave proceeds to a coupler C. The component 
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passing through the above branch behaves similarly, and the transmitted 
component proceeds to the coupler C and is coupled with a waveguide running in 
parallel. The combined signal wave is partially reflected by a reflector REF, and 
partially proceeds to an output terminal OUT. 

It is practically impossible to carrying out thus-described operations in a 
conventional optical integrated circuit owing to excessive radiation loss. However, 
inside PBS, those operations can be carried out similarly to the connections of 
electric circuits, and the degree of freedom for optical circuit design epochaily 
increases. 

[0018] 
[Embodiment 4] 

In the following, there will be described a method of selectively 
introducing functional material into recessed portions or projecting portions of a 
two-dimensional recessed and projecting periodic structure on a surface that is 
produced in the course of forming a three-dimensional periodic structure in the 
present invention. It will be shown that, both in lamination and in etching, there 
exist effects that a top portion and a valley portion are much more laminated and 
etched, respectively. Fig. 22 shows a state that a particle of source material is 
incident to a substrate having recessed and projecting patterns. A phenomenon 
that particles arriving at the substrate do not adhere but recoil to arrive again at 
and adhere to the substrate is more frequent on the recessed portions. Namely, 
the phenomenon that particles of the source material recoil has an effect that they 
are deposited selectively more on the recessed portions. On the other hand, owing 
to thermal energy, adhered particles can move about on the surface of the 
substrate. This is termed migration. In migration, there arise such movement 
that particles are, so to speak, accumulated from portions of higher average 
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temperature to portions of lower average temperature. On the substrate, the 
recessed portions are usually of higher temperature than the projected portions, 
and accordingly, there arises movement from the recessed portions to the 
projecting portions. Similarly in sputter etching, there are a mechanism that the 
recessed portions are etched much more, and conversely, a mechanism that the 
projecting portions are etched much more. 

Namely, also in sputter etching by gaseous ions, there exist recoil-ions, 
which erode the recessed portions much more than the projecting portions. On 
the other hand, as described above referring to Fig. 8, an inclined portion is etched 
more deeply than a horizontal plane. Thus, if a surface has a shape of Fig. 23, 
valley portions are etched much more, and if a surface has a shape of Fig. 24, top 
portions are etched much more. 

To sum up the above, by suitably selecting various conditions such as film 
forming condition, sputter etching condition, easiness of movement of surface 
particles, surface shape, and the like, it is possible, in deposition, to form a film so 
as to make top portions thicker or to make valley portions thicker, and, in etching, 
it is possible to remove top portions more deeply or to remove valley portions more 
deeply. 

The present invention has at least one more method of patter formation. 
Functional guest material can be made to be deposited on flat portions of tops or 
valleys, not on inclined portions. Namely, the guest material is deposited on a 
surface having recessed and projecting patterns to have almost uniform thickness, 
and successively, by employing sputter etching, the flat portions can be etched less 
deeply and inclined portions more deeply, so that the guest material does not 
remain at the inclined portions, while remaining at mountain summits and valley 
bottoms, i.e., at the flat portions. 
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[0019] 

Fig. 25 is for explaining a three-dimensional metal-insulator-metal tunnel 
junction and its fabricating method. Similarly to Embodiment 1, a recessed and 
projecting pattern is formed on a substrate 8 (fused silica), and then, areas of metal 
15 are formed in its recessed portions. Oxygen is temporally introduced to oxidize 
the surface of 15, and furthermore, areas of metal 16 are formed on the projecting 
portions. Here, however, it is possible that Al is used only to make an insulating 
film (alumina), and both metals A, B are selected from Pt, W, Ti, or the like. Then, 
over the processed surface, a recessed and projecting pattern of SiC>2 is formed, and 
by repeating these processes subsequently, it is possible to form a high-density 
three-dimensional array of metal-insulator-metal tunnel junctions. Thus, it is 
possible to realize a miniature high efficient device as a detector of microwave 
(including millimeter wave and submillimeter wave). Of course, in Fig. 25, the 
pattern on the xy plane may be modified to a linear or parallel-rod like pattern by 
extending it in the y direction to make the whole structure a two-dimensional 
pattern. 

[0020] 

Further, with regard to the MIM tunnel junction, in addition to the 
method of forming junctions in correspondence with respective periods in the 
transverse direction (Fig. 26), it is also possible to employ a laminating method as 
shown in Fig. 27, or a method of using island films as shown in Figs. 43, 44 to 
make tunneling current flow. However, in the cases of Figs. 26 and 27, if the 
metal film is thick, light does not permeate in the laminating direction (z direction), 
which restricts a manner of combining it with PBS. For example, it is possible to 
employ methods of using the forms shown in Figs 30, 31 and 32, or a method in 
which lamination is formed and light is propagated in the direction parallel to the 
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surface. If the film thickness is thin, this kind of restriction does not exist. 
Further, as an application method of MIM, application to switching, 
detection/mixing, and the like utilizing the nonlinear I-V characteristic, and 
application utilizing light emission (plasmon emission) caused by carrier injection 
can be used. In the case of using an electric function such as switching by means 
of electric characteristic such as nonlinear I-V characteristic or the like, an opaque 
host material may be used. 

[Embodiment 5] 

In a three-dimensional periodic structure consisting of two or more kinds 
of materials, conductive material such as SiC or Si may be used as construction 
material. For example a heteroj unction optical receiver may be formed in that 
structure. Thus, it is possible to fabricate a device having a property resulting 
from unification of an electronic element and an optical element utilizing the 
photonic bandgap effect. 

[0022] 

In the following, more detailed description will be given. In preparation 
for it, methods for introducing functional material (referred to as F) or a functional 
unit (referred to as FU) into a PBG structure (PBS) are classified into the following 
three types. 

(a) Methods in which FU is introduced into a form (area) enclosed by a PBS 
structure (Figs. 30, 31, and 32). 

(b) Methods in which F is used by inserting it into a part of material (Si02 or 
a-Si) that is used periodically to constitute PBS (Fig. 33). 

(c) Methods in which functional material constitutes one of materials (SiC>2 or 
Si) that are used periodically to constitute PBS (Fig. 33). 
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Depending on which of the above methods is employed, construction such 
as semiconductor or metal structure is changed. In the examples shown below, 
various examples of types (a), (b) and (c) are described. In these cases, there are 
at least four types of methods for arranging two materials A and B that constitute 
PBS, as shown in the following. 





Typel 


Type 2 


Type 3 


Type 4 


Material A 


Semiconductor A 


Composite film 
of two kinds of 
semiconductors 
Ai and A2 


Semiconductor A 


Composite film 
of Ai and A2 


Material B 


Semiconductor B 


Semiconductor B 


Composite film 
of insulating film 
and 

semiconductor B 


Insulating film 



When all the materials constituting PBS are semiconductors such as Si 
and SiC, difference in refractive indexes becomes small and, accordingly, it 
becomes difficult to maintain cutoff bands or cutoff characteristic for a certain 
wavelength region in all the directions. However, along the direction of the main 
axis, bandgap is maintained. In this type of structure, conductivity is obtained in 
the direction of lamination, and, accordingly, various new functions can be realized. 
For example, by suitably doping respective layers to be p-type and n-type, multiple 
or one pair of p-n structure is obtained, which gives a rectifying property. In a 
state that reverse bias is applied, it can be used as a pin detector, and a junction 
applied with forward bias can be used as a fight emitting element. When one or 
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both of the semiconductors A and B constituting PBS are constructed as a 
multi-layer structure of superthin films, it is possible to build in a quantum well or 
double barrier structure (Type 2). In that case, there appear (1) negative 
resistance characteristics accompanying the resonant tunneling effect; (2) emission 
or absorption, or refractive index modulating effect accompanying injection of 
two-dimensional electrons/positive holes, in the case of a forward bias quantum 
well; and (3) Stark effect shown in a reverse bias quantum well (effect that 
absorbency coefficient and refractive index change in accordance with electric 
field). 

Further, in a structure using insulating films (such as Type 3 and Type 4), 
it is difficult for electric current to flow in the laminating direction. However, 
there appear optical properties such as effect by quantum well thin film and 
injection emission of ultra-fine silicon particles dispersed in the insulating films. 

[0023] 
[Embodiment 6] 

The present embodiment describes a structure comprising material 
having nonlinear optical susceptibility or nonlinear material arranged in a 
three-dimensional periodic manner within a medium, its fabrication method, and 
its effect. The mentioned medium may have the periodic structure described in 
Embodiment 2. 

To clear the way of description, the conventional technique will be 
outlined. It is known that fine particles of Cu, Au, Ag, or the like have nonlinear 
susceptibility, and thus higher harmonic light can be generated by irradiating 
laser beam onto such fine particles formed on a glass substrate. In that case, the 
higher harmonics are generated from the fine particles that exist at random and 
uniformly on average in space, and accordingly, it is impossible to make them have 



22 



constant phase relation to the fundamental laser beam. 

As described in Embodiment 1, on a silica substrate, periodic recessed and 
projecting pattern is formed, and then, Si02 films are deposited on that substrate, 
with at least part of them including sputter etching process. When a film of Cu, 
Au, Ag, or the like is deposited on that substrate and treated with heat, larger 
quantities are deposited on the recessed portions than on the projecting portions 
owing to the recoil at the time of deposition. However, by utilizing the effect of the 
surface migration of the particles owing to the temperature at the time of the film 
formation and to ion bombardment energy, it is also possible to obtain much more 
lamination at the projecting portions. From these effects, a two-dimensional 
periodic shape is generated. 

(1) On thus-processed substrate, is formed an Si02 film, and these 
processes are repeated subsequently. According to this method, a material having 
nonlinear susceptibility is arranged in three-dimensional periodic manner within 
the medium of homogeneous SiC>2. Accordingly, when higher harmonics are 
generated by the above-described method, there is produced constant phase 
difference between array elements, and, as a result of their interference, it is 
possible to efficiently radiate the higher harmonics in a specific direction in space. 
(2) On thus-obtained structure, an Si film is formed, and then, (after forming a film 
of Cu, Au, Ag, or the like, or immediately without forming such a film) an Si02 film 
is formed on it, these processes being repeated subsequently. According to this 
method, in addition to the effect of the method of (1), there is obtained effect that 
the number of direction in which the radiation of the higher harmonics is 
generated can be made one, or more restricted than (1). 

[0024] 

Not only fine metal particles but also niobate and tantalate materials 
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such as LiNb03, LiTa03, KNb03, and the like have nonlinear optical effects and 
can be made as a thin film by sputtering or the like. Thus, it is possible to form 
such a film into a three-dimensional periodic structure by the above method of (1) 
or (2), to be able to utihze their nonlinear characteristics. 

Or, as shown in Fig. 34 in a cross section, LiNb03 (or LiTaC>3, KNbC>3, or 
the like) may be thinly sputtered on Si02 having recessed and projecting pattern, 
and then, only its inclined portions are removed by sputter etching to remain the 
top portions and the valley portions. By repeating these processes, it is possible to 
obtain a three-dimensional periodic structure, also. 

[0025] 
[Embodiment 7] 

As described in (1) of Embodiment 6, it is possible to introduce a second 
microscopic guest transparent material into a homogeneous first transparent host, 
to obtain a three-dimensional periodic structure. This can be utilized as a 
three-dimensional transmission-type or reflection-type diffraction grating. Since 
the guests are distributed three-dimensionally, larger diffraction cross-section can 
be obtained in comparison with incident wave, thus giving high diffraction 
efficiency. 

[0026] 
[Embodiment 8] 

Fig. 35 illustrates a three-dimensional periodic structure including 
material having light emitting/optical amplifying functions and its fabrication 
method. As Embodiment 1, a recessed and projecting pattern is formed on a silica 
substrate, and, on it, is formed Si02 region including active elements Er. On it, is 
formed Si region. On it, is formed a recessed and projecting pattern of Si02, and 
these processes are repeated subsequently to form a three-dimensional periodic 
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structure including the material having light emitting/optical amplifying functions. 

This system can emit/amplify light of 1.5 jam wavelength region by optical 
pumping; The Brag cutoff effect sharply decreases a rate at which excited Er ions 
lose energy owing to spontaneous emission, thus giving effect of increasing light 
emitting/amplifying efficiencies. Here, it is possible to dope Y, Nd, or the like into 
Si02. In addition to rare earth, it is possible to realize light emitting/amplifying 
functions by introducing microcrystals of semiconductor such as CdS into 
two-dimensional recessed and projecting interface under film formation, similarly 
to Embodiment 6. 

[0027] 

As shown in Fig. 36, on a recessed and projecting surface of the material 
14 (Si02), is formed a superthin film consisting of microcrystals of CdS, CdTe, or 
the like. Then, only inclined portions are removed by sputter etching to leave top 
and valley portions, and on thus-processed surface, the material 13 (Si) is 
deposited. By repeating these processes, it is possible to form fine crystal groups 
such as CdS or CdTe within PBS consisting of Si02 and Si, in a three-dimensional 
periodic manner. Light can be radiated by exciting CdS, CdTe, or the like, and, 
since there is no spontaneous recombination radiation in such directions that 
radiation is cut off in PBS, utilization efficiency of the excited-state molecules is 
high. 

[0028] 
[Embodiment 9] 

The present embodiment describes a structure in which material having 
electro-optic effect is arranged within a three-dimensional periodic structure, an 
example of its fabrication method, and its operation and effects. 

A periodic recessed and projecting pattern is formed on a silica substrate 
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as described in Embodiment 1. Films of Si02 and Si are formed sequentially 
(including sputter etching processes). Si is non-doped. Then, one or several 
periods of SiCVSi films are formed as an electrode having electrical conductivity. 
Here, as Si, n-type (or n + ) or p-type (or p + ) is used. By these, it is possible to form 
a conductive layer maintaining the PBS characteristic. 

By introducing liquid crystal material into the inside of PBS, and by 
applying voltage through thus-described electrode, it is possible to control 
orientation of the liquid crystal so as to control birefringence and refractive index. 
Thus, a variable wave resonator can be formed. 

[0029] 
[Embodiment 10] 

By building in a light emitting element such as a semiconductor laser 
within a three-dimensional periodic structure, it is possible to suppress radiation of 
spontaneously-emitted light originally existing in the light emitting element. This 
makes threshold electric current very small. 

[0030] 

Fig. 37 shows a structure in which a surface emission laser or microcavity 
laser is produced within a three-dimensional PBS. Except for coupling of the laser 
in question with an output waveguide, spontaneous recombination radiation is 
remarkably suppressed in the other directions. Thus, favorably, operation 
threshold of the laser is reduced. 

[0031] 

Further, Fig. 38 shows a method of integrating a three-dimensional PBS 
and a laser, and the structure in question. On a compound semiconductor 
substrate (for example, InP or GaAs), is formed a two-dimensional recessed and 
projecting pattern. On that substrate, is formed three-dimensional PBS such as 
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Si02/a-Si by the method of Embodiments 1, 2, and, then, a hole reaching the 
substrate is formed by dry etching. On its surface, a semiconductor laser is 
produced by epitaxial growth. In this structure, unnecessary radiation in the 
transverse direction is prohibited or suppressed, and accordingly, laser operation 
threshold is favorably decreased. In Figs. 37 and 38, an electrode and lead may 
be provided separately, or, Si within PBS may be doped to have electrical 
conduction property and thus to serve as an electrode and lead. 

[0032] 
[Embodiment 11] 

Further, PBS can be applied to a programmable laser, as follows. As 
described in other parts (Embodiment 2 and Fig. 11), in the case of a complex 
element in which an electrically excitable pn-junction or optically excitable dye is 
provided inside a PBS structure that permits only a specific mode, only emission 
process concerned with the permitted mode is allowed, and other spontaneously 
emitted light is radiated only along specific directions. In such PBS, when a 
material having electrooptic effect is used as its component, its filter property can 
be controlled with external voltage, and thus, a spectrum or emitting direction of a 
light emitting element can be electrically programmed. 

[0033] 
[Embodiment 12] 

By building in a photodetector such as a photodiode into a 
three-dimensional periodic structure having PBS characteristic, being coupled with 
the outside through a waveguide, radiation into the photodetector from the outside, 
i.e., noise input, can be suppressed, contributing to reduction of input noise and 
improvement of receiving sensitivity. Further, based on disappearance or 
reduction of radiation solid angles, the degree of freedom of the zero point 
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fluctuation disappears or decreases, reducing noise furthermore. 
[0034] 

Further, a programmable photodetector can be realized as follows. When 
a p-n junction or photoconductive photodetector having sensitivity to a specific 
wavelength region is built in into the inside of a complete PBS structure, there is 
realized a state that signal light and background light from the outside do not 
arrive at the photosensitive part. When PBS that is slightly deviated from this 
state is used, only light of specific wavelength arrives at the photo detection part 
from a specific direction. Accordingly, this complex element can be used as an 
complex element having strong selectivity for wavelength and direction 
(wavenumber) of incident light. By using, for example, a material having 
electrooptic effect as a component of PBS, PBS can be varied in its filter property 
by applying external voltage. Thus, it is possible to electrically program a 
response characteristic of the photodetector. 

[0035] 
[Embodiment 13] 

By periodically laminating two or more kinds of transparent materials 
having common periodic recessed and projecting pattern on a substrate having 
two-dimensionally recessed and projecting pattern with orthogonal x- and y-axes 
being as axes of symmetry as shown in Fig. 39, that three-dimensional structure 
functions as a biaxial anisotropic artificial medium having an effective optical 
dielectric tensor: 
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in a general wavelength region except for a cutoff frequency region. According to 
suitable design, medium constants within some range can be continuously realized, 
differently from natural material. Further, it has a property that very large 
anisotropy can be realized owing to strong dispersion appearing in the 
neighborhood of the cutoff region. 
[0036] 

[Effects of the Invention] 

As described above, according to the method of Claim 1, it is possible to 
industrially produce an extremely fine three-dimensional periodic structure by 
effectively utilizing shaping effects of the technique that employs sputter etching 
by itself or at the same time with film formation. Thus, it is possible to realize 
photonic bandgap effect. 

[0037] 

Aaccording to Claim 2, by developing the above-mentioned technique 
furthermore, it is possible to periodically provide material with nonlinear optical 
susceptibility, electrooptic material, transparent material, conductive material, or 
the like, inside the three-dimensional periodic structure. Thus, a great variety of 
electronic functions and optical functions can be realized. 

[0038] 

According to Claim 3, it is possible to periodically provide light emitting or 
light amplifying material inside a three-dimensional periodic structure, and a high 
efficient optical active element can be realized. 

[0039] 

According to Claim 4, it is possible to integrate functional parts such as a 
waveguide, resonator, branch, coupler, reflector, optical detector, or the like, inside 



29 



a three-dimensional nearly periodic structure in which at least two kinds of film 
transparent material having periodic recessed and projecting pattern are nearly 
periodically laminated sequentially, i.e., inside an artificial medium having cutoff 
characteristic for a certain light wavelength region. Thus, it is possible to 
effectively utilize the advantage of the non-radiative characteristic. 
[0040] 

According to Claim 5, it is possible to provide a semiconductor laser inside 
a three-dimensional periodic structure, and thus high efficient laser action without 
loss of spontaneously emitted light can be realized. 

[0041] 

According to Claim 6, it is possible to realize a structure in which, on a 

i 

substrate having two-dimensionally periodic recessed and projection pattern with 
the axes of symmetry of orthogonal x- and y-axes on the substrate, at least two 
kinds of film transparent materials having common periodic recessed and 
projecting pattern are laminated sequentially and periodically. Accordingly, it is 
possible to realize optical biaxial anisotropy expressed by a diagonal dielectric 
tensor of any values. 
[Brief Explanation of the Drawings] 
[Fig. 1] 

Fig. 1 is an explanatory view showing one embodiment of the invention. 
[Fig. 2] 

Fig. 2 is an explanatory view showing a method of fabricating a 
three-dimensional periodic structure that does not use the present invention. 
[Fig. 3] 

Fig. 3 is an explanatory view showing a method of fabricating a 
three-dimensional periodic structure that does not use the present invention. 
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[Fig. 4] 

Fig. 4 is an explanatory view showing a sputtering method. 
[Fig. 5] 

Fig. 5 is an explanatory view showing a vacuum evaporation method. 
[Fig. 6] 

Fig. 6 is an explanatory view showing a laser ablation method. 
[Fig. 7] 

Fig. 7 is an explanatory view showing an etching method haying angular 
dependency. 

[Fig. 8] 

Fig. 8 is an explanatory view showing angular dependence of etching rate. 
[Fig. 9] 

Fig. 9 is a view for explaining characteristics of an three-dimensional 
periodic structure. 
[Fig. 10] 

Fig. 10 is a view showing one embodiment of the invention. 
[Fig. 11] 

Fig. 11 is an explanatory view showing a Brillouin zone, whose structure 
is hexagonally symmetric in the xy plane and periodic in the z direction. 
[Fig. 12] 

Fig. 12 is an explanatory view showing one embodiment of the invention, 
with a circle of the dashed line meaning that a round hole shown by the solid line 
does not exist in that place where it should exist originally. 

[Fig. 13] 

Fig. 13 is an explanatory view showing one embodiment of the invention. 
[Fig. 14] 



31 



Fig. 14 is an explanatory view showing one embodiment of the invention. 
[Fig. 15] 

Fig. 15 is an explanatory view showing one embodiment of the invention. 
[Fig. 16] 

Fig. 16 is an explanatory view showing one embodiment of the invention. 
[Fig. 17] 

Fig. 17 is an explanatory view showing one embodiment of the invention. 
[Fig. 18] 

Fig. 18 is an explanatory view showing one embodiment of the invention. 
[Fig. 19] 

Fig. 19 is an explanatory view showing one embodiment of the invention. 
[Fig. 20] 

Fig. 20 is an explanatory view showing one embodiment of the invention. 
[Fig. 21] 

Fig. 21 is an explanatory view showing one embodiment of the invention. 
[Fig. 22] 

Fig. 22 is an explanatory view showing selective lamination used in one 
embodiment of the invention, with T indicating a top and V indicating a valley. 
[Fig. 23] 

Fig. 23 is an explanatory view showing selective etching used in one 
embodiment of the invention, in which a profile of the solid line is changed to a 
shape of the dashed line. 

[Fig. 24] 

Fig. 24 is an explanatory view showing selective etching used in one 
embodiment of the invention, in which a profile of the solid line is changed to a 
shape of the dashed line. 
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[Fig. 25] 

Fig. 25 is an explanatory view showing one embodiment of the invention. 
[Fig. 26] 

Fig. 26 is an explanatory view showing one embodiment of the invention. 
[Fig. 27] 

Fig. 27 is an explanatory view showing one embodiment of the invention. 
[Fig. 28] 

Fig. 28 is an explanatory view showing one embodiment of the invention, 
in which ellipses indicate island film metal and are dotted over on a curved 
surface. 

[Fig. 29] 

Fig. 29 is an explanatory view showing one embodiment of the invention. 
[Fig. 30] 

Fig. 30 is an explanatory view showing one embodiment of the invention. 
[Fig. 31] 

Fig. 31 is an explanatory view showing one embodiment of the invention. 
[Fig. 32] 

Fig. 32 is an explanatory view showing one embodiment of the invention, 
[Fig .33] 

Fig. 33 is an explanatory view showing one embodiment of the invention, 
in which a method of inserting a functional material F into interface of A and B 
(i.e., 1 and 2) is the method (b), and a method of making A or B of F is the method 
(c). 

[Fig. 34] 

Fig. 34 is an explanatory view showing one embodiment of the invention. 
[Fig. 35] 
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Fig. 35 is an explanatory view showing a method of fabricating one 
embodiment of the invention. 
[Fig. 36] 

Fig. 36 is an explanatory view showing one embodiment of the invention. 
[Fig. 37] 

Fig. 37 is an explanatory view showing one embodiment of the invention. 
[Fig. 38] 

Fig. 38 is an explanatory view showing one embodiment of the invention. 
[Fig. 39] 

Fig. 39 is an explanatory view showing one embodiment of the invention. 
[Explanation of the Reference Signs in the Drawings] 
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material having refractive index ni 
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target 
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metal A (for example, Al or the like) 
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16 


metal B (for example, Pt, Ni, W, Ti, or the like) 


17 


LiNb0 3 


18 


Er-doped Si02 


19 


functional unit 


20 


three-dimensional photonic bandgap structure 


21 


active region 


22 


output waveguide 


23 


substrate of group IITV 


24 


epitaxial layer 
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Fig. 4 

Discharge Space 

Fig. 26 

Junction 

Fig. 27 

Junction 

Fig. 28 

Electric Current 

Fig. 29 

Electric Current 

Fig. 33 

Inside of the rectangle indicates the fundamental period. 

Fig. 35 

Lamination 

Fig. 36 

23 or 24 

Fig. 38 

Etching 
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Epitaxial Growth 

Fig. 39 

Lamination 
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[Document's Name] 

[Abstract] 

[Object] 



Abstract 



A three-dimensional periodic structure having a period of about 1 |nm or 
less is provided. 
[Construction] 

At least two kinds of films that have two-dimensionally substantially 
periodical recesses and projections are successively formed in layers substantially 
periodical, to construct structure that is substantially three-dimensionally 
periodical. For instance, the films are made of materials different in refractive 
index. 



The three-dimensional periodical structure whose period is about 1 \xm or 
less can be obtained by a simple fabrication method. By this structure, the 
propagation of a wave with a specific wavelength can be cut off in many solid 
angular directions including a plurality of axial directions in the plane of the 
substrate and the direction of the lamination. 
[Selected Figure] Fig. 1 



[Effects] 
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[Name] KAWAKAMI, Syojiro 
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[Filing Date] June 26, 1997 
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[Application Number] Patent Application No. 9- 1 14951 
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[Identification Number] 391006566 
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July 14, 1997 

To the Commissioner of the Patent Office 
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[Application Number] Patent Application No. 9- 1 1495 1 
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[Administrator] 
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[Item's Name of Object of Amendment] Fig. 15 

[Method of Amendment] Change 

[Contents of Amendment] 26 
[Amendment 4] 

[Document's Name of Object of Amendment] Drawings 

[Item's Name of Object of Amendment] Fig. 36 

[Method of Amendment] Change 

[Contents of Amendment] 27 
[Amendment 5] 

[Document's Name of Object of Amendment] Drawings 

[Item's Name of Object of Amendment] Fig. 39 

[Method of Amendment] Change 

[Contents of Amendment] 28 

[Amendment 6] 

[Document's Name of Object of Amendment] Abstract 

[Item's Name of Object of Amendment] Whole Abstract 

[Method of Amendment] Change 

[Contents of Amendment] 2 9 

[Need for Proof] Yes 
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[Document's Name] Specification 

[Title of the Invention] Three-dimensional periodic structure and fabrication 

method thereof 

[Claims] 

[Claim 1] A three-dimensional nearly periodic structure, wherein said 
structure is fabricated by laminating at least two kinds of materials sequentially 
and nearly periodically on a substrate having two-dimensionally nearly 
periodically recessed and projecting portions, and sputter etching is employed 
separately from or simultaneously with film deposition at least in a part of said 
lamination. 

[Claim 2] A method of fabricating a three-dimensional nearly periodic 
structure, wherein said three-dimensional nearly periodic structure is fabricated 
by laminating at least two kinds of materials sequentially and nearly periodically 
on a substrate having two-dimensionally nearly periodically recessed and 
projecting portions, and sputter etching is employed separately from or 
simultaneously with film deposition at least in a part of said lamination. 

[Claim 3] A three-dimensional nearly periodic structure characterized in 
that a material having nonlinear optical susceptibility, an electrooptic material, a 
transparent material, or a conductive material is included at least in a part of a 
three-dimensional nearly periodic structure in which two or more kinds of film 
materials having two-dimensionally nearly periodically recessed and projecting 
portions are sequentially and nearly periodically laminated, or in an interface of 
films of a three-dimensional nearly periodic structure in which one or more kinds 
of film materials having two-dimensionally periodically recessed and projecting 
portions are nearly periodically laminated. 

[Claim 4] A three-dimensional nearly periodic structure fabricated by 
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the method of Claim 2, wherein said structure comprises at least two kinds of 
transparent materials, and a light emitting or light amplifying material is included 
at least in a part of said structure. 

[Claim 5] A three-dimensional nearly periodic structure, wherein a 
waveguide, a resonator, a branch, a coupler, or a reflector, is included inside the 
three-dimensional nearly periodic structure in which at least two kinds of 
transparent film materials having two-dimensionally nearly periodically recessed 
and projecting portions are sequentially and nearly periodically laminated. 

[Claim 6] A three-dimensional nearly periodic structure fabricated by 
the method of Claim 2, wherein said structure comprises at least two kinds of 
transparent materials, and a semiconductor laser or an optical detector is included 
inside said structure. 

[Claim 7] A transparent three-dimensional structure showing optical 
biaxial anisotropy, wherein, on a substrate having two-dimensionally periodic 
recessed and projecting portions with orthogonal x- and y-axes on the substrate as 
axes of symmetry, at least two kinds of transparent film materials having periodic 
recessed and projecting portions common to said substrate are laminated 
sequentially and periodically. 
[Description of the Invention] 

[0001] 

[Field of Industrial Application] 

The present invention relates to a generic technique concerning a 
structure having substantially three-dimensionaHy-periodical refractive index 
distribution, which is used, for example, as a light wave circuit element, its 
fabricating method, applied technique, and an applied device. 

[0002] 
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[Prior Art] 

A technique for fabricating a three-dimensional periodic structure having 
a period of about 1 mm or less in a material has a broad range of possible 
application in the fields of optical technologies and electronic technologies. 
However, its fabrication method is not developed yet, and a three-dimensional 
periodic structure with a period of about 1 mm or less has not been realized up to 
now. Only the following two techniques have been examined: (1) a method in 
which holes are formed in three directions by dry etching, as shown in Fig. 2 (E. 
Yablonovitch, <£ Photonic band-gap structures", J. Opt. Soc. Am. B, vol. 10, no. 2, pp. 
283 - 295, 1993); and (2) a method in which substrates with parallel square rods 
on them are opposed and bonded to each other, one of the substrates is removed by 
selective etching, and another substrate is opposed and bonded again to repeat the 
operation, as shown in Fig. 3 (S. Noda, N. Yamamoto, and A. Sasaki, "New 
realization method for three-dimensional photonic crystal in optical wavelength 
region", Jpn. Appl. Phys., vol. 35, pp. L909 - L912, 1996). Up to now, these two 
ideas are not realized in the case that the period is about 1 mm or less. 

[0003] 

[Problems to be Solved by the Invention] 

The above-mentioned method (1) is disadvantageous in that processing of 
more than one or two periods is impossible. The above-mentioned method (2) is 
disadvantageous in that its reproducibility and productivity are low, since it 
depends on handicraft processes with low controllability such as selective chemical 
etching and bonding many times. 
[0004] 

The present invention has been completed to solve the above-described 
problems of the conventional techniques, and its object is to provide a 
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three-dimensional periodic structure having a period of about 1 mm or less, to 
provide parts and devices to which that structure is applied, and to provide their 
fabrication method. 
[0005] 

[Means to Solve the Problem] 

To attain the above-described object, it is necessary to realize a structure 
that is almost three-dimensionally periodic by employing a method superior in 
reliability and reproducibility. For that purpose, is effective such a method that at 
least two kinds of materials are laminated sequentially and almost periodically, 
and sputter etching is carried out separately from or simultaneously with film 
formation with regard to at least a part of the laminated layers. This method can 
fabricate a three-dimensional periodic structure having a period of about 1 mm or 
less. 

[0006] 

[Work or Operation of the Invention] 

When a three-dimensional periodic structure is constructed by the 
above-described means, it is possible to realize one having a period of about 1 mm 
or less, simply and with good reproducibility. Further, into the periodic structure, 
can be introduced a material of nonlinear optical susceptibility, a light emitting or 
light amplifying material, an electrooptic material, a transparent object, an 
electrically-conductive material, or the like. Further, into the periodic structure, 
can be built a waveguide, resonator, branch, coupler, reflector, semiconductor laser, 
optical detector, or the like. Accordingly, an applied part or device including a 
three-dimensional periodic structure can be fabricated by a method that is superior 
in reliability and repeatability. The present invention is generic one in that it 
originates from a common root and comprehends various developments, which will 
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become obvious from the following embodiments. 

[0007] 
[Embodiments] 
[Embodiment 1] 

First, out of thin film formation methods and etching methods, ones 
referred to in the present invention and some which can be applied to the present 
invention will be described in out line. 

Fig. 4 is a view showing the principle of sputtering film formation. Inside 
a discharge space, is arranged a target as a supply source of source material for 
thin film. Gaseous ions are incident on the target to scatter the target material 
(solid line arrows). The scattered material particles arrive at and adhere to a 
substrate adjacent to the discharge space (dashed line arrows). Fig. 5 illustrates 
the concept of the vacuum evaporation method. From an evaporation source 
subjected to resistance heating or electron beam heating, source material 
transpires into a vacuum, and arrives at and adheres to a substrate. Fig. 6 
illustrates the concept of the laser ablation. High power laser radiation is made to 
be incident on source material so that a part of the source material is 
instantaneously heated and transpires to arrive at and adhere to a substrate. 

[0008] 

Further, the sputter etching, which plays a role of shaping a film in the 
present invention, will be described referring to Fig. 7. A substrate is placed 
within a discharge space and gaseous ions are made to be incident on it. This is 
called reverse sputtering. At that time, material on the substrate surface is 
removed by etching. A rate at which a surface being etched moves back in the 
direction of the normal is defined as a function of inclination 0 of the surface, and 
called an etching rate. For many materials, an etching rate E(0) has a property as 
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shown in Fig. 8. Namely, it becomes the maximum at some angle 0 m between 0° 
and 90°, and, making this a turning point, it decreases monotonously toward both 
the left and right. This sputter etching may be carried out before or after the 
above-mentioned sputtering film formation, vacuum evaporation, or laser ablation. 
Further, another kind of film formation can proceed simultaneously with the 
sputter etching. For example, the bias sputtering refers to a simultaneous process 
in which film formation by the sputtering proceeds at the same time with the 
sputter etching (For example, Tenzo SUGFfAMA, Hisashi SATO, Jun ONO, and 
Syojiro KAWAKAMI, "Fabrication of a laminated-type polarization isolating 
element comprising a-Si : H/SiOx : H", 1996 Electronics Society Convention of the 
Institute of Electronics, Information and Communication Engineers, C-266). 
[0009] 

An example of forming a three-dimensional periodic structure will be 
described. Periodic lines of holes are formed on a fused silica substrate by the 
electron beam lithography and by the dry etching. Or, a film may be formed on a 
substrate, and lines of holes may be formed on that film. In that case, the term 
"substrate" is used including the film. On it, Si and Si02 are deposited by means 
of the high frequency sputtering. For a part of the laminated layers of Si02 out of 
the laminated layers, etching action of ions ionized by the high frequency and 
impinging against the surface of the substrate, i.e., sputter etching, and lamination 
by the high frequency sputtering are made to proceed simultaneously. Since the 
shaping action of the sputter etching is utilized, the two-dimensional periodic 
shape on the substrate is not lost, even when Si and Si02 are laminated in many 
cycles. Using an atomic force microscope, it has been verified that a periodic 
structure on the surface is stable even when lamination is carried out in several 
tens of cycles. As shown in Fig. 1 (and in detail in Fig. 9), in the inside, 
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three-dimensional and highly periodic structure is formed. In the present 
embodiment, Si is deposited as an amorphous substance at the beginning. 
However, it is possible to make Si become microcrystals by the effect of ion 
bombardment and by heating. 
[0010] 

Here, a method of fabricating another structure will be described. In the 
method described referring to Fig. 1, two kinds of materials have thicknesses of a 
same degree. However, as described below, on a recessed or projecting surface of 
a single main component (host) forming a structure, can be laminated a different 
kind of functional material (guest) to be for thinner than the host, and this 
lamination can be repeated periodically. Namely, supposing that the guest is not 
introduced, the host has uniform structure. In other words, it is possible to 
manufacture a structure in which three-dimensional periodic structure of the guest 
is embedded in the uniform host material. Also, it is possible to similarly form a 
host-guest type three-dimensional periodic structure in which the host itself is a 
periodic structure consisting of two or more film materials thicker than the guest. 
Referring to Fig. 1, if all shapes of the surfaces of the material A and the material 
B are same. Even when the surface of A does not coincide with the surface of B, 
periodicity is kept if As have the same shape and Bs have the same shape in 
different layers. 

[0011] 
[Embodiment 2] 

With regard to a three-dimensional periodic structure comprising a 
transparent body and having a period of about half a light wavelength within the 
medium, the effect of photonic bandgap was theoretically predicted, and the theory 
has been verified by a model experiment of the microwave band (for example, a 
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band of a wavelength of 3 cm). To explain the three-dimensional periodic 
structure, a concept of the three-dimensional periodic structure is shown in Fig. 9. 
The three-dimensional periodic structure consists of transparent bodies 5, 6 of 
thicknesses di, d2 and refractive indexes m, n2 (ni > n2), and the structure has 
periods of xi + X2, yi + y2, and zi + Z2 in the directions of x, y and z, respectively. 
For the sake of simplicity, it is assumed that both xi + X2 and yi + y2 are 
sufficiently larger than zi + Z2 (zi, Z2 have the same meaning as di, d2) and an 
equation: 

[0012] 

nidi = n2d2 

is satisfied. A wave propagating in , the direction of z has a property described in 
the following. In a range of light wavelength centering at a certain free space 
wavelength Xo' 

X\ ^ A, ^ A,u j 

a light wave propagating in the direction of +z decreases exponentially in its 
amplitude as it proceeds, and, accordingly, can not propagate. It is similar to the 
direction of -z. The condition satisfied by Xo is: 
[0013] 

Xo/4 = nidi (= n2d2) , 
and lffa and VX n are obtained by the following equations: 
1/X\ = (4/tiAo) (tan-Kni/^) 172 ) 

[0014] 

1/Xa = (4/tt^o) (tan-Kni/n 2 ) 1/2 ). 

[0015] 

When ns/ni is close to 1, the following equation is given: 
(k u - h) I Xo - (4/tc) ((ni/n 2 ) - 1) 
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where Xo is almost at the center of X n and X\. 

This phenomenon is termed Bragg cutoff. The center wavelength in the 
cutoff is proportional to the length of the period. The width of the wavelength 
band in which the cutoff appears approaches 0 when ni and n2 nearly coincide, and 
the width becomes a considerable part of Xo as the ratio between m and 112 becomes 
large. Accordingly, light whose wavelength is somewhat different from so-called 
Bragg wavelength Xo is also cut off when the ratio ni/n2 is sufficiently large. Now, 
it is assumed that the constituent materials are a-Si (refractive index: 3.24) and 
Si02 (refractive index: 1.46). When, in this material system, 1/X\, 1/X U are 
obtained from the above-mentioned equations, they are smaller by 25 % and larger 
by 25 % in comparison with l/Xo, respectively. 

[0016] 

Further, it is possible to crystallize Si and to selectively dissolve Si02, 
leaving Si, by means of an aqueous solution of HF. When its place is filled with, 
for example, air, the refractive indexes in this structure become 3.4 : 1, and 
similarly, 1/X\ and 1/X U become smaller by 36 % and larger by 36 % in comparison 
with llXo. 

[0017] 

In a three-dimensional periodic structure, it is seen that a wave that goes 
in an arbitrary direction has different periods for respective solid angle directions, 
and thus has respective cutoff wavelength bands for solid angle directions. When 
light having a particular free space wavelength X s is contained in common in the 
cutoff wavelength bands of all the three-dimensional directions, it is possible to 
completely confine the light of the wavelength Xs within that three-dimensional 
periodic structure. 

[0018] 
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As an example, a periodic structure is formed as shown in Fig. 10. Its 
periods in the directions of x, y and z are 0.87 |im, 0.5 |nm and 0.4 jam, respectively. 
The material system consists of a-Si and Si02. Periodicity of dozens of periods has 
been verified. 

[0019] 

In detail, in a structure that is hexagonally symmetric in the xy plane and 
periodic in the z direction, the so-called Brillouin zone takes a form, for example, 
shown in Fig. 23. The origin of the wave number is the center of the hexagonal 
pillar. When the ratio m/112 is sufficiently large, the wavelength A, s in question is 
contained in common in the cutoff areas at whole the surfaces of the Brillouin zone, 
and accordingly, no wave is radiated. When m/n2 becomes smaller than that, X s is 
included in common in the cutoff areas for the surface except for white parts in the 
figure, for example, and sufficient for many applications as described below. 
Namely, a radiation wave that goes from the center of the hexagonal pillar toward 
a point within the gray areas is suppressed and cut off. 

[0020] 

Further, although the term "periodic structure" is used in the present 
embodiment and all through the present application, it is not limited to the case in 
which periodicity is strictly realized, of course. Disturbance due to small variation 
in fabricating conditions has small effect. Or, by intentionally disturbing 
periodicity slightly, following effects can be produced. 

[0021] 

When a substrate is fabricated to omit one or a few holes out of periodic , 
ones on the substrate as shown in Fig. 12, and an SiCVSi periodic structure is 
formed on that substrate as described in Embodiment 1, then, a 
periodicity-disturbed portion is formed linearly in the direction perpendicular to 
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the substrate. Light wave can be propagated along such an area, and thus, it can 
be used as an inlet/outlet that connects between the peculiar space in which 
radiation is prohibited and the outside space. Thus, such disturbance in a 
periodic structure is useful. 

Similarly, point disturbance, finite linear disturbance, or loop disturbance 
in a three-dimensional photonic bandgap structure operates as a resonator. 

[0022] 

Fig. 13 shows a three-dimensional photonic bandgap structure, which is 
fabricated by the method of Embodiment 1, gently varying periods spatially in all 
three axial directions, in the direction of lamination and within the substrate plane. 
With regard to light having a specific direction within the three-dimensional 
photonic bandgap structure, there exists a part in which its period satisfies Bragg 
cutoff condition, in a suitable position within the space, and the light turns back at 
that area. Thus, photonic bandgap property is guaranteed in a wide range of 
wavelength and in a wide range of solid angle. Of course, it can be extended so 
that a period is modulated only in the z direction without being modulated in the x 
and y directions, for example. 

[0023] 
[Embodiment 3] 

The present embodiment relates to fabrication methods for circuit 
elements in the three-dimensional photonic bandgap structure, such as a 
waveguide for putting in and taking out light from the outside, a resonator for 
selecting wavelength in the inside, a branch, and the like. As described above 
referring to Fig. 12, it is possible to put in and take out light in the direction 
perpendicular to the laminated surface. Further, Fig. 14 illustrates a method of 
forming a circuit element of a rectangular lattice. On a silica substrate, are 



54 



formed array of holes as shown in Fig. 15. Here, along the line nr^ displacement 
is given to the period in the x direction. On that substrate, Si/SiC>2 are laminated 
employing the process of Embodiment 1. After the lamination is repeated 
sufficient times, the displacement shown in Fig. 14 is given in the thickness-wise 
direction of the lamination in the plane E1S2S3. By this method, it is possible to 
localize light power in the neighborhood of the line O1O2, and to propagate it along 
O1O2. 

[0024] 

In this structure, the following takes place. Owing to the displacement in 
the plane Ti^rs, light decreases exponentially in its amplitude as it goes away 
from nr2r3 both to the left and to the right, and thus the wave localizes along 
Ti^ra. Further, owing to the displacement in X4E2E3, light decreases 
exponentially in its amplitude as it goes away from Z1E2Z3 both upward and 
downward. From both actions, wave localizes along O1O2 and its propagation in 
that direction is caused. 

[0025] 

Differently from formation of a propagation path by utilizing 
displacement of periodicity, it is possible to form a propagation path by introducing 
a portion that has a different refractive index. Fig. 16 shows a yz cross-section of 
the Si/Si02 three-dimensional periodic structure of Fig. 1 under fabrication, in a 
state that Si02 has been laminated. Resist 12 for lithography is provided on both 
surfaces except a width AA' of one period or several periods in the y direction. 
Through the strip opening AA', a part of Si02 is removed by dry etching as shown 
by the dashed line. Then, Si is filled back to that place by sputtering. After 
returning to an almost original surface, the resist for lithography is removed by the 
lift-off technology. By this operation, the periodic structure of the recessed and 
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projecting patterns of the surface is kept, and on that surface, film formation is 
continued many times in the z direction in accordance with Embodiment 1. In 
thus-described process, the dry etching operation on Si02 or the filling back 
operation of Si may be omitted, as far as it does not much injure the y direction 
periodicity of the cross-section. 
[0026] 

Owing to this fabrication method, it is possible to realize 
wavelength-selective resonance, branching, coupling, and reflection of light. Since 
radiation is suppressed or directions in which radiation takes place are limited in 
these circuits, radiation loss is decreased and it is possible to realize a construction 
that can not be realized in the conventional optical circuits owing to excessive 
radiation loss. Namely, giving an example of Fig. 11, if the gray portions cover 
the directions in which strong radiation is produced from a circuit in question, it is 
possible to prevent radiation loss. Respective circuits are shown in the following, 
as transparent views seen from a top surface. 

[0027] 

In Fig. 17, light wave from an incident waveguide A is branched into B 

and C. 

Fig. 18 illustrates three types of resonators. In the neighborhood of the 
wavelength that satisfies the condition for light wave to form a standing wave in 
the resonator B, light wave is transmitted from A to C. In other cases, wave is 
reflected. The resonator E is connected with a waveguide D only. In a condition 
other than the resonance condition, wave that entered through D is all reflected 
except for an internal loss portion. Under the resonance condition, both 
internally-stored energy and loss (material loss and residual radiation loss) 
increase, and accordingly, the reflection coefficient decreases. When, in the 
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ring-shaped resonator G, light wavelength just satisfies the standing wave 
condition, then, transmission from F to H is realized. 
[0028] 

In Fig. 19, the waveguides AB and CD approach each other in a limited 
area, and both waves that decrease exponentially in the transverse direction 
overlap each other to realize give and take of power, i.e., coupling between the two 
waveguides. 

Fig. 20 shows a circuit in which a narrow part is located between A and B 
to generate partially reflected wave, and a circuit in which short stubs are provided 
between C and D to generate partially reflected wave. 

Further, in order to form a portion of a different refractive index, a mask 
is formed by lithography similarly to Fig. 16, and thereafter, ion-implantation may 
be utilized. Thus, it is possible to form a waveguide, resonator, branch, coupler, 
reflector, and the like. 

[0029] 

Referring to Fig. 21, there will be exemplified and described an effect that 
connection of optical circuits becomes epochally free in the structure (PBS, 
Photonic Bandgap Structure) in which radiation is suppressed. Light coming 
from the left through a waveguide IN follows courses separated above and below. 
The light passing through the lower branch is transmitted through a resonator R2, 
or reflects at R2. The transmitted wave proceeds to a coupler C. The component 
passing through the above branch behaves similarly, and the transmitted 
component proceeds to the coupler C and is coupled with a waveguide running in 
parallel. The combined signal wave is partially reflected by a reflector REF, and 
partially proceeds to an output terminal OUT. 

[0030] 



57 



It is practically impossible to carrying out thus-described operations in a 
conventional optical integrated circuit owing to excessive radiation loss. However, 
inside PBS, those operations can be carried out similarly to the connections of 
electric circuits, and the degree of freedom for optical circuit design epochally 
increases. 

[0031] 
[Embodiment 4] 

In the following, there will be described a method of selectively 
introducing functional material into recessed portions or projecting portions of a 
two-dimensional recessed and projecting periodic structure on a surface that is 
produced in the course of forming a three-dimensional periodic structure in the 
present invention. It will be shown that, both in lamination and in etching, there 
exist effects that a top portion and a valley portion are much more laminated and 
etched, respectively. Fig. 22 shows a state that a particle of source material is 
incident to a substrate having recessed and projecting patterns. A phenomenon 
that particles arriving at the substrate do not adhere but recoil to arrive again at 
and adhere to the substrate is more frequent on the recessed portions. Namely, 
the phenomenon that particles of the source material recoil has an effect that they 
are deposited selectively more on the recessed portions. On the other hand, owing 
to thermal energy, adhered particles can move about on the surface of the 
substrate. This is termed migration. In migration, there arise such movement 
that particles are, so to speak, accumulated from portions of higher average 
temperature to portions of lower average temperature. On the substrate, the 
recessed portions are usually of higher temperature than the projected portions, 
and accordingly, there arises movement from the recessed portions to the 
projecting portions. Similarly in sputter etching, there are a mechanism that the 
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recessed portions are etched much more, and conversely, a mechanism that the 
projecting portions are etched much more. 
[0032] 

Namely, also in sputter etching by gaseous ions, there exist recoil-ions, 
which erode the recessed portions much more than the projecting portions. On 
the other hand, as described above referring to Fig. 8, an inclined portion is etched 
more deeply than a horizontal plane. Thus, if a surface has a shape of Pig. 23, 
valley portions are etched much more, and if a surface has a shape of Fig. 24, top 
portions are etched much more. 

[0033] 

To sum up the above, by suitably selecting various conditions such as film 
forming condition, sputter etching condition, easiness of movement of surface 
particles, surface shape, and the like, it is possible, in deposition, to form a film so 
as to make top portions thicker or to make valley portions thicker, and, in etching, 
it is possible to remove top portions more deeply or to remove valley portions more 
deeply. 

[0034] 

The present invention has at least one more method of patter formation. 
Functional guest material can be made to be deposited on flat portions of tops or 
valleys, not on inclined portions. Namely, the guest material is deposited on a 
surface having recessed and projecting patterns to have almost uniform thickness, 
and successively, by employing sputter etching, the flat portions can be etched less 
deeply and inclined portions more deeply, so that the guest material does not 
remain at the inclined portions, while remaining at mountain summits and valley 
bottoms, i.e., at the flat portions. 

[0035] 
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Fig. 25 is for explaining a three-dimensional metal-insulator-metal tunnel 
junction and its fabricating method. Similarly to Embodiment 1, a recessed and 
projecting pattern is formed on a substrate 8 (fused silica), and then, areas of metal 
15 are formed in its recessed portions. Oxygen is temporally introduced to oxidize 
the surface of 15, and furthermore, areas of metal 16 are formed on the projecting 
portions. Here, however, it is possible that Al is used only to make an insulating 
film (alumina), and both metals A, B are selected from Pt, W, Ti, or the like. Then, 
over the processed surface, a recessed and projecting pattern of Si(J2 is formed, and 
by repeating these processes subsequently, it is possible to form a high-density 
three-dimensional array of metal-insulator-metal tunnel junctions. Thus, it is 
possible to realize a miniature high efficient device as a detector of microwave 
(including millimeter wave and submillimeter wave). Of course, in Fig. 25, the 
pattern on the xy plane may be modified to a linear or parallel-rod like pattern by 
extending it in the y direction to make the whole structure a two-dimensional 
pattern. 

[0036] 

Further, with regard to the MIM tunnel junction, in addition to the 
method of forming junctions in correspondence with respective periods in the 
transverse direction (Fig. 26), it is also possible to employ a laminating method as 
shown in Fig. 27, or a method of using island films as shown in Figs. 43, 44 to 
make tunneling current flow. However, in the cases of Figs. 26 and 27, if the 
metal film is thick, light does not permeate in the laminating direction (z direction), 
which restricts a manner of combining it with PBS. For example, it is possible to 
employ methods of using the forms shown in Figs 30, 31 and 32, or a method in 
which lamination is formed and fight is propagated in the direction parallel to the 
surface. If the film thickness is thin, this kind of restriction does not exist. 
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Further, as an application method of MIM, application to switching, 
detection/mixing, and the like utilizing the nonlinear I-V characteristic, and 
application utilizing light emission (plasmon emission) caused by carrier injection 
can be used. In the case of using an electric function such as switching by means 
of electric characteristic such as nonlinear I-V characteristic or the like, an opaque 
host material may be used. 

[0037] 
[Embodiment 5] 

In a three-dimensional periodic structure consisting of two or more kinds 
of materials, conductive material such as SiC or Si may be used as construction 
material. For example a heterojunction optical receiver may be formed in that 
structure. Thus, it is possible to fabricate a device having a property resulting 
from unification of an electronic element and an optical element utilizing the 
photonic bandgap (PBG) effect. 

[0038] 

In the following, more detailed description will be given. In preparation 
for it, methods for introducing functional material (referred to as F) or a functional 
unit (referred to as FU) into a PBG structure (PBS) are classified into the following 
three types. 

(a) Methods in which FU is introduced into a form (area) enclosed by a PBS 
structure (Figs. 30, 31, and 32). 

(b) Methods in which F is used by inserting it into a part of material (SiC>2 or 
a-Si) that is used periodically to constitute PBS (Fig. 33). 

(c) Methods in which functional material constitutes one of materials (SiC>2 or 
Si) that are used periodically to constitute PBS (Fig. 33). 

[0039] 
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Depending on which of the above methods is employed, construction such 
as semiconductor or metal structure is changed. In the examples shown below, 
various examples of types (a), (b) and (c) are described. In these cases, there are 
at least four types of methods for arranging two materials A and B that constitute 
PBS, as shown in the following. 

[0040] 



[Table 1] 





Type 1 


Type 2 


Type 3 


I'ype 4 


Material A 


Semiconductor A 


Composite film 
of two kinds of 
semiconductors 
Ai and A2 


Semiconductor A 


Composite film 
of Ai and A2 


Material B 


Semiconductor B 


Semiconductor B 


Composite film 
of insulating film 
and 

semiconductor B 


Insulating film 



[0041] 

When all the materials constituting PBS are semiconductors such as Si 
and SiC, difference in refractive indexes becomes small and, accordingly, it 
becomes difficult to maintain cutoff bands or cutoff characteristic for a certain 
wavelength region in all the directions. However, along the direction of the main 
axis, bandgap is maintained. In this type of structure, conductivity is obtained in 
the direction of lamination, and, accordingly, various new functions can be realized. 
For example, by suitably doping respective layers to be p-type and n-type, multiple 
or one pair of p-n structure is obtained, which gives a rectifying property. In a 
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state that reverse bias is applied, it can be used as a pin detector, and a junction 
applied with forward bias can be used as a light emitting element. When one or 
both of the semiconductors A and B constituting PBS are constructed as a 
multi-layer structure of superthin films, it is possible to build in a quantum well or 
double barrier structure (Type 2). In that case, there appear (1) negative 
resistance characteristics accompanying the resonant tunneling effect; (2) emission 
or absorption, or refractive index modulating effect accompanying injection of 
two-dimensional electrons/positive holes, in the case of a forward bias quantum 
well; and (3) Stark effect shown in a reverse bias quantum well (effect that 
absorbency coefficient and refractive index change in accordance with electric 
field). 

[0042] 

Further, in a structure using insulating films (such as Type 3 and Type 4), 
it is difficult for electric current to flow in the laminating direction. However, 
there appear optical properties such as effect by quantum well thin film and 
injection emission of ultra-fine silicon particles dispersed in the insulating films. 

[0043] . 
[Embodiment 6] 

The present embodiment describes a structure comprising material 
having nonlinear optical susceptibility or nonlinear material arranged in a 
three-dimensional periodic manner within a medium, its fabrication method, and 
its effect. The mentioned medium may have the periodic structure described in 
Embodiment 2. 

[0044] 

To clear the way of description, the conventional technique will be 
outlined. It is known that fine particles of Cu, Au, Ag, or the like have nonlinear 
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susceptibility, and thus higher harmonic light can be generated by irradiating 
laser beam onto such fine particles formed on a glass substrate. In that case, the 
higher harmonics are generated from the fine particles that exist at random and 
uniformly on average in space, and accordingly, it is impossible to make them have 
constant phase relation to the fundamental laser beam. 
[0045] 

As described in Embodiment 1, on a silica substrate, periodic recessed and 
projecting pattern is formed, and then, SiCte films are deposited on that substrate, 
with at least part of them including sputter etching process. When a film of Cu, 
Au, Ag, or the like is deposited on that substrate and treated with heat, larger 
quantities are deposited on the recessed portions than on the projecting portions 
owing to the recoil at the time of deposition. However, by utilizing the effect of the 
surface migration of the particles owing to the temperature at the time of the film 
formation and to ion bombardment energy, it is also possible to obtain much more 
lamination at the projecting portions. From these effects, a two-dimensional 
periodic shape is generated. 

[0046] 

(1) On thus-processed substrate, is formed an Si02 film, and these 
processes are repeated subsequently. According to this method, a material having 
nonlinear susceptibility is arranged in three-dimensional periodic manner within 
the medium of homogeneous SiCb. Accordingly, when higher harmonics are 
generated by the above-described method, there is produced constant phase 
difference between array elements, and, as a result of their interference, it is 
possible to efficiently radiate the higher harmonics in a specific direction in space. 
(2) On thus-obtained structure, an Si film is formed, and then, (after forming a film 
of Cu, Au, Ag, or the like, or immediately without forming such a film) an Si02 film 
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is formed on it, these processes being repeated subsequently. According to this 
method, in addition to the effect of the method of (1), there is obtained effect that 
the number of direction in which the radiation of the higher harmonics is 
generated can be made one, or more restricted than (1). 
[0047] 

Not only fine metal particles but also niobate and tantalate materials 
such as LiNb03, LiTa03, KNb03, and the like have nonlinear optical effects and 
can be made as a thin film by sputtering or the like. Thus, it is possible to form 
such a film into a three-dimensional periodic structure by the above method of (1) 
or (2), to be able to utilize their nonlinear characteristics. 

[0048] 

Or, as shown in Fig. 34 in a cross section, LiNbC>3 (or LiTaCh, KNbC>3, or 
the like) may be thinly sputtered on Si02 having recessed and projecting pattern, 
and then, only its inclined portions are removed by sputter etching to remain the 
top portions and the valley portions. By repeating these processes, it is possible to 
obtain a three-dimensional periodic structure, also. 

[0049] 
[Embodiment 7] 

As described in (1) of Embodiment 6, it is possible to introduce a second 
microscopic guest transparent material into a homogeneous first transparent host, 
to obtain a three-dimensional periodic structure. This can be utilized as a 
three-dimensional transmission-type or reflection-type diffraction grating. Since 
the guests are distributed three-dimensionally, larger diffraction cross-section can 
be obtained in comparison with incident wave, thus giving high diffraction 
efficiency. 

[0050] 
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[Embodiment 8] 

Fig. 35 illustrates a three-dimensional periodic structure including 
material having light emitting/optical amplifying functions and its fabrication 
method. As Embodiment 1, a recessed and projecting pattern is formed on a silica 
substrate, and, on it, is formed Si02 region including active elements Er. On it, is 
formed Si region. On it, is formed a recessed and projecting pattern of Si02, and 
these processes are repeated subsequently to form a three-dimensional periodic 
structure including the material having light emitting/optical amplifying functions. 

[0051] 

This system can emit/amplify light of 1.5 |um wavelength region by optical 
pumping. The Brag cutoff effect sharply decreases a rate at which excited Er ions 
lose energy owing to spontaneous emission, thus giving effect of increasing light 
emitting/amplifying efficiencies. Here, it is possible to dope Y, Nd, or the like into 
Si02. In addition to rare earth, it is possible to realize light emitting/amplifying 
functions by introducing microcrystals of semiconductor such as CdS into 
two-dimensional recessed and projecting interface under film formation, similarly 
to Embodiment 6. 

[0052] 

As shown in Fig. 36, on a recessed and projecting surface of the material 
14 (Si02), is formed a superthin film consisting of microcrystals of CdS, CdTe, or 
the like. Then, only inclined portions are removed by sputter etching to leave top 
and valley portions, and on thus -processed surface, the material 13 (Si) is 
deposited. By repeating these processes, it is possible to form fine crystal groups 
such as CdS or CdTe within PBS consisting of Si02 and Si, in a three-dimensional 
periodic manner. Light can be radiated by exciting CdS, CdTe, or the like, and, 
since there is no spontaneous recombination radiation in such directions that 
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radiation is cut off in PBS, utilization efficiency of the excited-state molecules is 
high. 

[0053] 
[Embodiment 9] 

The present embodiment describes a structure in which material having 
electro-optic effect is arranged within a three-dimensional periodic structure, an 
example of its fabrication method, and its operation and effects. 

A periodic recessed and projecting pattern is formed on a silica substrate 
as described in Embodiment 1. Films of SiC>2 and Si are formed sequentially 
(including sputter etching processes). Si is non-doped. Then, one or several 
periods of SiCVSi films are formed as an electrode having electrical conductivity. 
Here, as Si, n-type (or n + ) or p-type (or p + ) is used. By these, it is possible to form 
a conductive layer maintaining the PBS characteristic. 

[0054] 

By introducing liquid crystal material into the inside of PBS, and by 
applying voltage through thus-described electrode, it is possible to control 
orientation of the liquid crystal so as to control birefringence and refractive index. 
Thus, a variable wave resonator can be formed. 

[0055] 
[Embodiment 10] 

By building in a light emitting element such as a semiconductor laser 
within a three-dimensional periodic structure, it is possible to suppress radiation of 
spontaneously-emitted light originally existing in the light emitting element. This 
makes threshold electric current very small. 

[0056] 

Fig. 37 shows a structure in which a surface emission laser or microcavity 
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laser is produced within a three-dimensional PBS. Except for coupling of the laser 
in question with an output waveguide, spontaneous recombination radiation is 
remarkably suppressed in the other directions. Thus, favorably, operation 
threshold of the laser is reduced. 
[0057] 

Further, Fig. 38 shows a method of integrating a three-dimensional PBS 
and a laser, and the structure in question. On a compound semiconductor 
substrate (for example, InP or GaAs), is formed a two-dimensional recessed and 
projecting pattern. On that substrate, is formed three-dimensional PBS such as 
Si02/a-Si by the method of Embodiments 1, 2, and, then, a hole reaching the 
substrate is formed by dry etching. On its surface, a semiconductor laser is 
produced by epitaxial growth. In this structure, unnecessary radiation in the 
transverse direction is prohibited or suppressed, and accordingly, laser operation 
threshold is favorably decreased. In Figs. 37 and 38, an electrode and lead may 
be provided separately, or, Si within PBS may be doped to have electrical 
conduction property and thus to serve as an electrode and lead. 

[0058] 
[Embodiment 11] 

Further, PBS can be applied to a programmable laser, as follows. As 
described in other parts (Embodiment 2 and Fig. 11), in the case of a complex 
element in which an electrically excitable pn- junction or optically excitable dye is 
provided inside a PBS structure that permits only a specific mode, only emission 
process concerned with the permitted mode is allowed, and other spontaneously 
emitted light is radiated only along specific directions. In such PBS, when a 
material having electrooptic effect is used as its component, its filter property can 
be controlled with external voltage, and thus, a spectrum or emitting direction of a 
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light emitting element can be electrically programmed. 

[0059] 
[Embodiment 12] 

By building in a photodetector such as a photodiode into a 
three-dimensional periodic structure having PBS characteristic, being coupled with 
the outside through a waveguide, radiation into the photodetector from the outside, 
i.e., noise input, can be suppressed, contributing to reduction of input noise and 
improvement of receiving sensitivity. Further, based on disappearance or 
reduction of radiation solid angles, the degree of freedom of the zero point 
fluctuation disappears or decreases, reducing noise furthermore. 

[0060] 

Further, a programmable photodetector can be realized as follows. When 
a p-n junction or photoconductive photodetector having sensitivity to a specific 
wavelength region is built in into the inside of a complete PBS structure, there is 
realized a state that signal light and background light from the outside do not 
arrive at the photosensitive part. When PBS that is slightly deviated from this 
state is used, only light of specific wavelength arrives at the photo detection part 
from a specific direction. Accordingly, this complex element can be used as an 
complex element having strong selectivity for wavelength and direction 
(wavenumber) of incident light. By using, for example, a material having 
electrooptic effect as a component of PBS, PBS can be varied in its filter property 
by applying external voltage. Thus, it is possible to electrically program a 
response characteristic of the photodetector. 

[0061] 
[Embodiment 13] 

By periodically laminating two or more kinds of transparent materials 



69 



having common periodic recessed and projecting pattern on a substrate having 
two-dimensionally recessed and projecting pattern with orthogonal x- and y-axes 
being as axes of symmetry as shown in Fig. 39, that three-dimensional structure 
functions as a biaxial anisotropic artificial medium having an effective optical 
dielectric tensor: 
[0062] 



in a general wavelength region except for a cutoff frequency region. According to 
suitable design, medium constants within some range can be continuously realized, 
differently from natural material. Further, it has a property that very large 
anisotropy can be realized owing to strong dispersion appearing in the 
neighborhood of the cutoff region. 
[0063] 

[Effects of the Invention] 

As described above, according to the method of Claim 2, it is possible to 
industrially produce an extremely fine three-dimensional periodic structure by 
effectively utilizing shaping effects of the technique that employs sputter etching 
by itself or at the same time with film formation. Thus, it is possible to realize 
photonic bandgap effect. 

[0064] 

Aaccording to Claim 3, by developing the above-mentioned technique 
furthermore, it is possible to periodically provide material with nonlinear optical 
susceptibility, electrooptic material, transparent material, conductive material, or 
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the like, inside the three-dimensional periodic structure. Thus, a great variety of 
electronic functions and optical functions can be realized. 
[0065] 

According to Claim 4, it is possible to periodically provide light emitting or 
light amplifying material inside a three-dimensional periodic structure, and a high 
efficient optical active element can be realized. 

[0066] 

According to Claim 4, it is possible to integrate functional parts such as a 
waveguide, resonator, branch, coupler, reflector, optical detector, or the like, inside 
a three-dimensional nearly periodic structure in which at least two kinds of film 
transparent material having periodic recessed and projecting pattern are nearly 
periodically laminated sequentially, i.e., inside an artificial medium having cutoff 
characteristic for a certain light wavelength region. Thus, it is possible to 
effectively utilize the advantage of the non-radiative characteristic. 

[0067] 

According to Claim 6, it is possible to provide a semiconductor laser inside 
a three-dimensional periodic structure, and thus high efficient laser action without 
loss of spontaneously emitted light can be realized. 

[0068] 

According to Claim 7, it is possible to realize a structure in which, on a 
substrate having two-dimensionally periodic recessed and projection pattern with 
the axes of symmetry of orthogonal x- and y-axes on the substrate, at least two 
kinds of film transparent materials having common periodic recessed and 
projecting pattern are laminated sequentially and periodically. Accordingly, it is 
possible to realize optical biaxial anisotropy expressed by a diagonal dielectric 
tensor of any values. 
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[Brief Explanation of the Drawings] 
[Fig. 1] 

Fig. 1 is an explanatory view showing one embodiment of the invention. 
[Fig. 2] 

Fig. 2 is an explanatory view showing a method of fabricating a 
three-dimensional periodic structure that does not use the present invention. 
[Fig. 3] 

Fig. 3 is an explanatory view showing a method of fabricating a 
three-dimensional periodic structure that does not use the present invention. 
[Fig. 4] 

Fig. 4 is an explanatory view showing a sputtering method. 
[Fig. 5] 

Fig. 5 is an explanatory view showing a vacuum evaporation method. 
[Fig. 6] 

Fig. 6 is an explanatory view showing a laser ablation method. 
[Fig. 7] 

Fig. 7 is an explanatory view showing an etching method having angular 
dependency. 

[Fig. 8] 

Fig. 8 is an explanatory view showing angular dependence of etching rate. 
[Fig. 9] 

Fig. 9 is a view for explaining characteristics of an three-dimensional 
periodic structure. 
[Fig. 10] 

Fig. 10 is a view showing one embodiment of the invention. 
[Fig. 11] 
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Fig. 11 is an explanatory view showing a Brillouin zone, whose structure 
is hexagonally symmetric in the xy plane and periodic in the z direction. 
[Fig. 12] 

Fig. 12 is an explanatory view showing one embodiment of the invention, 
with a circle of the dashed line meaning that a round hole shown by the solid line 
does not exist in that place where it should exist originally. 

[Fig. 13] 

Fig. 13 is an explanatory view showing one embodiment of the invention. 
[Fig. 14] 

Fig. 14 is an explanatory view showing one embodiment of the invention. 
[Fig. 15] 

Fig. 15 is an explanatory view showing one embodiment of the invention. 
[Fig. 16] 

Fig. 16 is an explanatory view showing one embodiment of the invention. 
[Fig. 17] 

Fig. 17 is an explanatory view showing one embodiment of the invention. 
[Fig. 18] 

Fig. 18 is an explanatory view showing one embodiment of the invention. 
[Fig. 19] 

Fig. 19 is an explanatory view showing one embodiment of the invention. 
[Fig. 20] 

Fig. 20 is an explanatory view showing one embodiment of the invention. 
[Fig. 21] 

Fig. 21 is an explanatory view showing one embodiment of the invention. 
[Fig. 22] 

Fig. 22 is an explanatory view showing selective lamination used in one 
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embodiment of the invention, with T indicating a top and V indicating a valley. 
[Fig. 23] 

Fig. 23 is an explanatory view showing selective etching used in one 
embodiment of the invention, in which a profile of the solid line is changed to a 
shape of the dashed line. 

[Fig. 24] 

Fig. 24 is an explanatory view showing selective etching used in one 
embodiment of the invention, in which a profile of the solid line is changed to a 
shape of the dashed fine. 

[Fig. 25] 

Fig. 25 is an explanatory view showing one embodiment of the invention. 
[Fig. 26] 

Fig. 26 is an explanatory view showing one embodiment of the invention. 
[Fig. 27] 

Fig. 27 is an explanatory view showing one embodiment of the invention. 
[Fig. 28] 

Fig. 28 is an explanatory view showing one embodiment of the invention, 
in which ellipses indicate island film metal and are dotted over on a curved 
surface. 

[Fig. 29] 

Fig. 29 is an explanatory view showing one embodiment of the invention. 
[Fig. 30] 

Fig. 30 is an explanatory view showing one embodiment of the invention. 
[Fig. 31] 

Fig. 31 is an explanatory view showing one embodiment of the invention. 
[Fig. 32] 



74 



Fig. 32 is an explanatory view showing one embodiment of the invention. 
[Fig .33] 

Fig. 33 is an explanatory view showing one embodiment of the invention, 
in which a method of inserting a functional material F into interface of A and B 
(i.e., 1 and 2) is the method (b), and a method of making A or B of F is the method 
(c). 

[Fig. 34] 

Fig. 34 is an explanatory view showing one embodiment of the invention. 
[Fig. 35] 

Fig. 35 is an explanatory view showing a method of fabricating one 
embodiment of the invention. 
[Fig. 36] 

Fig. 36 is an explanatory view showing one embodiment of the invention. 
[Fig. 37] 

Fig. 37 is an explanatory view showing one embodiment of the invention. 
[Fig. 38] 

Fig. 38 is an explanatory view showing one embodiment of the invention. 
[Fig. 39] 

Fig. 39 is an explanatory view showing one embodiment of the invention. 
[Explanation of the Reference Signs in the Drawings] 

1 material A (for example, Si02) 

2 material B (for example, Si) 

3 GaAs 

4 AlGaAs 

5 material having refractive index m 

6 material having refractive index n2 
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7 target 

8 substrate 

9 evaporation source 

10 laser 

1 1 source material 

12 resist for lithography 

13 Si 

14 Si02 

15 metal A (for example, Al or the like) 

16 metal B (for example, Pt Ni W Ti or the like) 

17 LiNb0 3 

18 Er-doped Si0 2 

19 functional unit 

20 three-dimensional photonic bandgap structure 

21 active region 

22 output waveguide 

23 substrate of group IIIV 

24 epitaxial layer 
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Fig. 39 

Lamination 



Pocument's Name] Abstract 
[Abstract] 

[Problem to be Solved] 

A three-dimensional periodic structure having a period of about 1 mm or 
less is provided. 

[Means for Solving the Problem] 

At least two kinds of films that have two-dimensionally substantially 
periodical recesses and projections are successively formed in layers substantially 
periodical, to construct structure that is substantially three-dimensionally 
periodical. For instance, the films are made of materials different in refractive 
index. 

The three-dimensional periodical structure whose period is about 1 mm or 
less can be obtained by a simple fabrication method. By this structure, the 
propagation of a wave with a specific wavelength can be cut off in many solid 
angular directions including a plurality of axial directions in the plane of the 
substrate and the direction of the lamination. 
[Selected Figure] Fig. 1 
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